INTRODUCTION
Cephalosporins are the second major group of β-lactam class of antibiotics, isolated from Cephalosporium species or prepared semi-synthetically. They are antibiotics with broad spectrum on antimicrobial properties. They have an added advantage over the first known group of this class of antibiotics, penicillin, that penicillin allergic patients can be treated with these antibiotics; cephalosporins. Their antibacterial and pharmacokinetic properties have wide therapeutic use 1 . The broad spectrum of activity and favourable safety profile make the cephalosporins one of the most widely prescribed class of antimicrobials. The earlier generation cephalosporins are commonly used for community-acquired infections, while the later generation agents, with their better spectrum of activity against Gram-negative bacteria make them useful for hospital-acquired infections or complicated community-acquired infections 2 . CRXN (Fig. 1) is a parenteral third generation cephalosporins (M.W. 661.6). It displays a broad spectrum of activity against Gram-negative and Gram-positive pathogens 2 . Due to the extensive use of cephalosporins in our market and the great importance of them, many reports have been suggested for quantification and stability assessment of them. These methods include spectrophotometry 3-11 spectrofluorimetry [12] [13] [14] [15] , TLC 16&17 , HPTLC [18] [19] [20] and HPLC [21] [22] [23] [24] [25] [26] . Most of these methods, however, utilize expensive instrumentation, suffer from lack of selectivity, involve careful control of the reaction conditions or derivatization reactions, and require timeconsuming pre-treatment steps which affect their usefulness for routine analysis.
In view of the above factors, a potentiometric method was considered, being cheaper, faster and sometimes more efficient than HPLC. Very little work was found in the literature for the electrochemical determination of the investigated drug 27&28 . Application of potentiometric sensors in the field of pharmaceutical and biomedical analysis has been advocated. The approach provides simple, fast, and selective technique for determination of various drugs [29] [30] [31] [32] [33] [34] . However, as far as the available literature is concerned, very little records were known about the use of this technique for the analysis of one member of the cephalosporins namely; cefuroxime 35&36 . The objective of the present study is to construct potentiometric membrane sensors for static and hydrodynamic, flow injection analysis (FIA) of CRXN in pure powder and its pharmaceutical preparations. The developed sensors incorporate ion-exchangers; TDMAC or TDMAB embedded in plasticized PVC matrix membranes. Performance characteristics of both sensors reveal low detection limit, good sensitivity and selectivity, fast response, long life span and application for accurate determination of CRXN in pharmaceutical preparations under static and hydrodynamic (FIA) modes of operation. 
EXPERIMENTAL Apparatus
All membrane potential measurements were made at 25±1°C using data acquisition system, eight-channel electrode-computer interface (Nico-2000 Ltd., London, UK) controlled by Nico-2000 software. An Orion Ross pH electrode (Model 80-02) was used for pH adjustment. A double-junction Ag/AgCl electrode (Orion Model 90-02-00) with an Orion (90-02-02) internal filling solution was used as the reference electrode. The outer compartment of the reference electrode was filled with 1.0 M lithium acetate. The components of the FIA system were similar to those used previously 37 . The flow injection analysis (FIA) system manifold ( Fig. 2 and cefoperazone sodium (Pfizer Co., Egypt) were obtained as gifts and were used as supplied. Pharmaceutical formulations containing the studied drugs were purchased from the local market.
• Acetate buffer was prepared by titrating 50 mM solution of the acid form with concentrated sodium hydroxide to a pHvalue of 5.5±0.01. Phosphate buffer was prepared by titrating 50 mM solution of the acid form with concentrated sodium hydroxide to a pH-value of 7.0±0.01 and Tris buffer was prepared by titrating 50 mM of the base form with concentrated hydrochloric acid to a pH-value of 7.4±0.01. All standard solutions and buffers were prepared with doubly distilled water.
Preparation of standard solutions
A stock solution (10 -2 M) of CRXN at pH 5.5 was prepared by dissolving 66.2 mg of CRXN in 10 ml acetate buffer pH 5.5. Dilute solutions of CRXN were freshly prepared by diluting the stock solution with acetate buffer (pH 5.5). All experiments were performed using doubly distilled water. The stock and working standard solutions were freshly prepared. Table 1 shows the composition of membranes used in this study and formulated with different ion-exchangers, different ionophores and solvent mediators. Different compositions were prepared aiming for the selection of the best sensing system that would provide the bestperformance characteristics.
Sensors construction
A 2.0 mg portion of TDMAC or TDMAB ion-exchanger (corresponding to 1.0 wt%) was thoroughly mixed with 132.0 mg of o-NPOE (corresponding to 66.0 wt%), 66.0 mg of PVC (corresponding to 33.0 wt%) and 2.0 ml THF in a glass ring placed on a glass plate covered with filter paper and left to stand overnight to allow slow evaporation of THF at room temperature 38 . The master membrane was sectioned with a cork borer (7 mm diameter) and glued to a PVC tubing (~3 cm length, ~8 mmi.d.) using THF. A solution of 1 mM NaCl plus 1 mM CRXN in 50 mM acetate buffer, pH 5.5, was used as the internal filling solution. Ag/AgCl internal reference electrode (1.0 mm diameter) was immersed in the internal reference solution. Prior to use, membrane electrodes were conditioned for~24 hrs in a solution having the same composition as the internal filling solution and were stored in the 1 mM NaCl solution when not in use. All potentiometric measurements were made at ambient temperature. The sensors were calibrated under static mode of operation by transferring different aliquots of 1x10
-3 M aqueous solution of CRXN to 10 ml beaker containing 10.0 ml of acetate buffer, pH 5.5. The sensors were immersed in the solution in conjunction with a double junction Ag/AgCl reference electrode. The potential readings were recorded after stabilization to ±0.2 mV and the EMF was plotted as a function of logarithm CRXN concentration.
To investigate the influence of dielectric constants of plasticizerson the performance of the developed sensors, different plasticizers were used (o-NPOE ε = 24; FPNPE ε = 50; and DOS ε = 3.88) and used in membrane preparation to select the solvent mediator which exhibits the best working characteristics 39 (ε is the dielectric constant of the plasticizer).
Different buffers were tested in the analysis using the proposed electrodes such as acetate buffer (pH 5.5), phosphate buffer (pH 7.0) and Tris buffer (pH 7.4) to select the buffer system that exhibits the best performance characteristics.
Tubular detector construction
Tubular sensors were constructed as described previously 37 . Coating solutions were prepared by mixing 2.0 mg portion of TDMAC or TDMAB ion-exchanger, 132.0 mg of o-NPOE, 66.0 mg of PVC and 2.0 ml THF. This solution was deposited 3-4 times using a dropper directly into a hole sectioned in the tube. The tubular sensor was inserted into the flow injection system as schematically shown in figure 2. A 50 mM acetate buffer (pH 5.5) was used as a carrier solution at a flow rate of 2 ml.min -1 . The detector was calibrated at 25°C under hydrodynamic mode of operation by injection of CRXN samples through a valve loop of 150 μl in the carrier stream. After a steady-state, the baseline was reached; the potential signals were recorded using a high-impedance data acquisition 8-channel box connected to a PC as mentioned above. An Orion Ag/AgCl double junction reference electrode was placed in a Petri-dish downstream from the indicator sensor just before the solution went to waste.
Determination of CRXN in pharmaceutical preparations
CRXN is found in the market in the form of vials only. The available pharmaceutical preparations of this drug were analysed such as; Cefotrix ® 0.25 gm, Cefotrix ® 0.5 gm, Cefotrix ® 1 gm, Cefaxone ® 0.25 gm, Cefaxone ® 0.5 gm, Cefaxone ® 1 gm and Ceftriaxone ® 1 gm; for intravenous and intramuscular injections. An accurately weighed amount of powder equivalent to 66.2 mg of CRXN was transferred into a 10-mL volumetric flask, dissolved in about 5 mL of 50 mM acetate buffer, pH 5.5, diluted to the mark with the same buffer, mixed well and filtered through a double filter paper; the first portion of the filtrate was rejected. Further dilutions with the same buffer were made and then the general procedure was followed.
For CRXN measurement under static mode of operation, a 10-ml aliquot of the drug solution was potentiometrically measured. The drug sensor and reference electrode were immersed in the solution, and the potential readings were recorded after reaching the equilibrium response. The concentration of CRXN was calculated using a calibration graph.
For continuous measurements (FIA), a flow stream of 50 mM acetate buffer of pH 5.5 carrier solution was allowed to pass through the tubular electrode at a flow rate 2.0 ml.min -1 . Successive 150 μl aliquots of the standard CRXN and unknown test sample solutions were injected into the flowing stream. The corresponding potential change was measured and recorded vs. time. A typical calibration plot was made and used to determine the concentration of the unknown samples.
RESULTS AND DISCUSSION

Response characteristics of the developed sensors
Plasticized PVC membrane electrodes formulated with different electro-active species (ion exchangers or metal ion complexes) were prepared and evaluated. Membranes were formulated using a casting solution of the composition 1:33:66 wt% of electro-active species, PVC and plasticizer, respectively. Such polymer-membrane electrodes based on either ion-exchangers (TDMAB, TDMAC, BTBAB and EBTPPB) or metal-ion complexes (PdTPP-Cl 2 , SnTPP-Cl 2 , CuOEP and Zn OEP) were prepared.
As shown in figure 3, TDMAB and TDMAC based membrane sensors exhibited near-Nernstian responses (-28 
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Potentiometric response characteristics of CRXN selective membrane electrodes were studied in order to probe the effect of different buffers on the potentiometric responses. Tris buffer (pH 7.4), acetate buffer (pH 5.5) and phosphate buffer (pH 7.0) were tested to select the buffer system which gives the best performance characteristics. It was found that no responses were obtained upon using Tris buffer and phosphate buffer; however acetate buffer gave near-Nernstian response, so it was selected for all subsequent work. This may be attributed to that upon using acetate buffer, pH 5. Results from three replicate studies using TDMAB and TDMAC based membrane sensors exhibited near- (Table 2 ). TDMAB and TDMAC based membrane sensors are successfully formulated for determination of CRXN and remained suitable for use for about 8 weeks (Table 2) .
The developed sensor responses are greatly affected by the pH of the medium. The potentiometric responses of TDMAB and TDMAC based membrane sensors were examined at different pH values over a pH range of 2.9-12.4. This was performed in presence of 10 -3 and 10 -2 M CRXN. In each concentration level, the pH of CRXN solution was adjusted using either hydrochloric acid or sodium hydroxide solutions. The potential was then recorded after the pH was stabilized. The variation in the pH range 4-7 has no significant effect on the potentiometric responses for both TDMAB and TDMAC based membrane sensors. It was found that the potentials of the prepared membrane sensor considerably declined with negative drift at pH values higher than~7 then remain constant above pH~8 (Fig. 6 ). This may be due to due to progressive degradation of CRXN at higher pH values and the hydroxide anion interference. However, at lower pH values, the sensors responses were severely influenced by H 3 O + and the decrease of the ionized/non ionized ratio of CRXN. Based on this, the working pH range for the developed sensors is from pH 4 to 7.
The dynamic response times of the TDMAB and TDMAC based membrane sensors were examined by recording the potential readings at time intervals of 5 seconds. The relation between potential reading and response time was plotted for 29 µM to 10 mM CRXN. The time required to attain 95% of the equilibrium by both sensors was less than 10 s for drug concentration ≥10 -3 M. These results indicated that both sensors are amenable for use with automated systems (Fig. 7) . Selectivity coefficients (
, of TDMAB and TDMAC based membrane sensors towards some interfering ions were determined by the separate solutions method (SSM) 44 . In this method, the selectivity coefficients of CRXN sensors were evaluated at a concentration of (1 M) measured in 50 mM acetate buffer pH 5.5 (Figs. 8&9) . The selectivity coefficients (log where, E 1 is the potential measured in 1M CRXN, E 2 the potential measured in 1 M of the interfering ion, Z 1 and Z 2 are the charges of the CRXN and interfering species β, respectively and S is slope of the calibration plot. It is worth noting that the two membrane electrodes prepared exhibited good selectivity toward CRXN over other cephalosporins such as; cefradine, ceftazidime, cefadroxil, cefaclor and cefoperazone and other additives found in the pharmaceutical preparations such as; glucose, fructose and maltose. This enables us to use such sensors for determination of CRXN successfully without interference from other cephalosporins and the encountered additives. Moreover, the selectivity of the proposed electrodes toward other inorganic anions showed that the exhibited anionic responses follow the classical Hofmeister pattern for anions that is based on anions lipophilicity, in which the more lipophilic species are the preferred ones 45 . As shown in (Table 3) (Table 4) were satisfactory compared to those obtained from the reported method 4 . No significant difference was found by applying t-and F-tests at 95% confidence level indicating good accuracy and precision. F-test revealed that there was no significant difference between the means and variances of the two sets of results.
Recovery studies were also carried out by standard addition method under static mode of operation. Recovery experiments were made to evaluate the accuracy of the proposed potentiometric methods on both the pure authentic and the dosage forms. Different concentrations of the authentic drug being determined were added to the sample preparation which was then analysed for the total amount of the drug present. The difference between the analytical results of the samples with and without the added drug gave the recovery of the amount added drug, (Table  5) . The results clearly proved the accuracy of the proposed method for selective determination of the investigated drug without interference from common excipients. The tabulated values at 95% confidence limits are t = 2.78 and F = 6.39, respectively. 
Flow injection monitoring (FIA) of CRXN in pharmaceutical preparations
A tubular-type detector incorporating TDMAB and TDMAC based membrane sensors were prepared and used under hydrodynamic mode of operation for continuous CRXN quantification. The general intrinsic response characteristics of the detector revealed that the dependency of the peak height, peak width, and time to recover the base line depend on the flow rate of the carrier buffer solution. Successive injection of CRXN standard solutions through a valve loop of 150 µl in the carrier stream with different carrier flow rates (i.e. 1.0-4.0 ml.min -1 ) revealed that as the flow rate increased the response peaks width decreased with a decrease in the peak height. Consequently, the recommended optimal flow rate was chosen to be 2.0 ml.min -1
. With a flow rates of 1 ml.min -1 , the tubular sensor required longer washing time to recover the base line leading to a decrease in the number of sample outputs. At flow rates higher than 3.0 ml.min -1 , the peak height declined.
A linear relationship between CRXN concentrations and FIA signals was obtained over the range 1-10 mM (Fig. 10) . The slope of the calibration plot was near-Nernstian (-23.07±0.32 mV.decade -1 ) for TDMAB based PVC membrane sensor. Table 6 shows the general response characteristics of the tubular TDMAB and TDMAC based membrane sensors under FIA mode of operation. The results obtained for determining CRXN in drug formulations using FIA are shown in table 7.
Validation of the proposed potentiometric methods for determining CRXN was made by measuring the range (R), lower limit of detection (LOD), accuracy (recovery), linearity (correlation coefficient) and sensitivity (slope). Results obtained support the application of the proposed potentiometric methods for quality control assessment of drug formulations. 
Conclusions
Two potentiometric sensors for CRXN were prepared, characterized and successfully used for static and continuous drug determination. Sensors based on the use of plasticized PVC matrix membranes incorporating TDMAB and TDMAC ion exchangers were used for quantitative determination of ceftriaxone sodium at concentration level down to 2.9x10 -5 M with a good accuracy. The drug is determined in pure powders and in vials. The sensors offer the advantages of fast response, reasonable selectivity, elimination of drug pre-treatment or separation steps, low cost and possible interfacings with computerized and automated systems. The use of TDMAB and TDMAC based membrane sensors as two detectors for continuous monitoring of CRXN offers the advantages of simple design, ease of construction and possible applications to small volumes of drug solutions with little manipulation and without pre-treatment. The detector displays a wide dynamic measurement range of the drug under continuous mode of operation with a flow rate of 2.0 ml.min Belal and E. F. Khamis, "Use of cerium (IV) in the spectrophotometric and spectrofluorimetric determinations of penicillins and cephalosporins in their pharmaceutical preparations", Spectrosc. Lett., 33, 931-948 (2000) .
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